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The most well-established animal models of stress used to examine effects on urinary bladder structure and function include the resident-intruder model (15, 22, 74) , immobilization stress (10, 11) , water avoidance stress (WAS) (14, 54, 55, 62) , and electrical footshock (7, 55) . Although these stress paradigms produce bladder dysfunction and target tissue (i.e., urinary bladder) abnormalities similar to conditions like IC/BPS, the data in some cases are conflicting, and the stress models used in these studies may not be relevant to the variety of life stressors experienced by humans on a daily basis. In the present study, a repeated variate stress (RVS) protocol (30, 63) that lacks habituation was used, in which a different stressor was presented every day for 7 days (see Table 1 ).
When compared with other animal models of stress (e.g., resident intruder, immobilization, WAS, and electrical footshock) where the same stressors are presented daily, the RVS paradigm is unique in that various stressors are presented throughout the 7-day protocol, which may be more relevant to human daily life stressors. Other advantages of the RVS paradigm include: 1) novel stressor exposure on a daily basis with lack of habituation; and 2) reproducible and robust responses with rats exposed to RVS exhibiting a 10% decrease in weight gain during the stress exposure. Furthermore, RVS or chronic variate stress paradigms are commonly and widely used to characterize many aspects of the chronic stress response including 1) central nervous system (CNS) and peripheral nervous system responses to chronic stress; 2) neurochemical plasticity of CNS to chronic stress exposure; 3) comorbidity of stress-related disorders; and 4) the role of the limbic system and neuroendocrine cascade in chronic stress (30, 63) . In this study, we extend the use of the RVS protocol to characterizing the effects on the autonomic nervous system and somatic sensitivity.
The goal of these studies was to use RVS exposure in male rats and to characterize urinary bladder function and somatic sensitivity at the end of the 7-day stress protocol in the absence of a direct urinary bladder stimulation. Bladder function was assessed using continuous, intravesical infusion of saline in conscious, unrestrained male rats with an open outlet. Biomarkers of stress including adrenal, thymus, bladder, and body weights were measured. We also evaluated urinary bladder nerve growth factor (NGF) protein content and somatic sensi-tivity (e.g., hindpaw and pelvic region) after RVS, as both are observed in animal models of urinary bladder inflammation as well as in functional urinary tract disorders. Finally, barrier function of the urothelium following RVS was assessed by Evans blue (EB) administration and determination of plasma protein extravasation.
MATERIALS AND METHODS

Animals
Adult male Wistar rats (300 -400 g) were purchased from Charles River Laboratories (Wilmington, MA) and housed singly and maintained in standard laboratory conditions with free access to food and water. The University of Vermont Institutional Animal Care and Use Committee approved all animal use procedures (protocol 08-085). Animal experimentation was carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Repeated Variate Stress
Rats were assigned, based on body weight, to control or RVS groups. Rats in the RVS group were exposed to 7 days of stress (Table  1) with rats exposed to a single stressor on each day as described previously (30) . All rats were weighed 1 day before the first day of stress (baseline; day 0) and every subsequent day immediately before stress (days 1-7). Control rats remained in home cages in the animal facility following weight measurement and received no handling aside from weighing.
Oscillation stress. Rats were placed inside a plastic chamber 28 ϫ 17 ϫ13 cm (L ϫW ϫ H), which was secured to a clinical rotator (Fisher Scientific, Morris Plains, NJ), and oscillated at low to medium speed for 30 min.
Forced swim. Rats were placed in a cylindrical container 29 ϫ 37 cm (D ϫ H) that was filled with room temperature water to a depth that prevented the rat's tail from touching the bottom of the container. After 5 min of monitored swimming, rats were placed in a holding chamber for 30 min before being returned to their home cage.
Electrical footshock. Rats were placed inside a Plexiglas conditioning chamber (Med Associates, St. Albans, VT) 30 ϫ 25 ϫ 35 cm (L ϫ W ϫ H). After a 5-min acclimation period, two 1.0 mA 5 second scrambled footshocks were delivered through the grid floor with a 1-min intertrial interval.
Restraint. Rats were placed in a cylindrical restraining device 9 ϫ 15 cm (D ϫ H) for 60 min.
Pedestal. Rats were placed on an elevated (60 cm from floor) platform 20 ϫ 20 cm (L ϫ W) for 30 min.
Tissue Harvest for Organ Weights and Preparation of Bladder Tissue for ELISAs
Rats from both experimental groups (RVS and control) were euthanized immediately following the last stressor with isoflurane (4%), followed with a thoracotomy. The urinary bladder, thymus, and adrenal glands were subsequently harvested and blotted dry and weights were recorded. Individual bladders were immediately weighed and solubilized in tissue protein extraction reagent (1 g tissue/20 ml) and treated with complete protease inhibitor cocktail tablets. Tissue was homogenized and centrifuged (10,000 rpm for 10 min). The resulting supernatant was used for nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and histamine protein quantification. NGF and BDNF (R&D Systems, Minneapolis, MN) and histamine (GenWay Biotech, San Diego, CA) were quantified using standard 96-well ELISA plates according to the manufacturer's specifications.
EB Administration to Assess Plasma Protein Extravasation in the Urinary Bladder
Plasma protein extravasation in the urinary bladder was measured in control and RVS groups by an EB dye leakage technique as described previously (35, 60) 24 h after the last stressor exposure. As an additional comparison, 4 h cyclophosphamide (CYP; 150 mg/kg ip)-injected rats were anesthetized (2%), and the femoral vein was exposed. With the use of a butterfly catheter, EB (50 mg/kg) was injected into the femoral vein. Once all the EB had been injected, the rats remained anesthetized. After 15 min, the urinary bladder was harvested, transferred to a weigh boat, and placed in an oven at 50°C for 24 h. After 24 h, bladders were removed from the oven and dry weights were collected. Bladders were then placed in tubes with 1 ml formamide and stored at Ϫ4°C in total darkness for 72 h (35, 60) .
The formamide-EB solution was gently aspirated without disturbing the tissue at the bottom of the tube and transferred to a 1-ml cell. The content of dye in the formamide solution was measured in duplicate using a microplate reader set at 620 nm wavelength with pure formamide as the reference. The duplicate measures were averaged, and the mean was converted to micrograms of EB by reporting the results on a standard curve of the refractive index versus dilution of EB. Results are expressed as micrograms of EB per dry weight of the bladder.
Measurement of Urinary Bladder NGF, BDNF, and Histamine Protein Content by ELISAs
Mictrotiter plates (R&D Systems and GenWay Biotech) were coated with a mouse anti-rat NGF antibody, a mouse anti-rat BDNF antibody (R&D Systems), or anti-rabbit histamine antibody (GenWay Biotech). Sample and standard solutions were run in duplicate. A horseradish peroxidase-streptavidin conjugate was used to detect the antibody complex. Tetramethyl benzidine was the substrate, and the enzyme activity was measured by the change in optical density. The NGF and BDNF standards provided with these protocols generated a linear standard curve from 15 to 1,000 pg/ml (R 2 ϭ 0.998, P Յ 0.0001) for bladder samples. The provided histamine standards generated a linear standard curve from 0.5 to 125 pg/ml (R 2 ϭ 0.997, P Յ 0.0001). The absorbance values of standards and samples were corrected by subtraction of the background absorbance due to nonspecific binding. No samples fell below the minimum detection limits of the assay and no samples were diluted before use.
Myeloperoxidase Assay
Inflammation of the urinary bladder was also assessed with an assay for myeloperoxidase (MPO). Polymorphonuclear (PMN) cell infiltration is a characteristic of inflammation, and MPO is a naturally occurring enzyme contained in the primary granules of the PMN cells. Greater MPO activity in a tissue represents increased PMN cell Exposure to each of 5 different stressors, as described in the MATERIALS AND METHODS section, and the duration of each stressor, are listed for each day they are administered. Swim and footshock stressors are repeated on the last two days of repeated variate stress (RVS). s, seconds; min, minutes. infiltration in inflamed tissue (12) . Thus an MPO assay was performed on freshly harvested urinary bladder tissue obtained from isofluraneanesthetized animals. The MPO assay was performed as described by Bradley et al. (12) . Briefly, MPO was extracted from homogenized bladder tissue by suspending the material in 0.5% hexadecyltrimethylammonium bromide (Sigma) in 50 mM potassium phosphate buffer (pH 6.0) before sonication in an ice bath for 30 s. The specimens were freeze thawed three times, and the sonication was repeated. Suspensions were then centrifuged (40,000 g) for 15 min, and the supernatant was assayed spectrophotometrically. Supernatant (0.1 ml) was mixed with 2.9 ml of potassium phosphate buffer containing 0.167 ml/ml of o-dianisidine dihydrochloride (Sigma) and 0.0005% hydrogen peroxide. The change in absorbency was measured at 460 nm. One unit of MPO activity was defined as that degrading 1 mol of peroxide per minute at 25°C.
Mechanical Sensitivity Testing
Mechanical sensitivity testing was performed in separate groups (hindpaw, pelvic region) of rats not used for bladder function determination or biochemical assays. Referred (secondary) hyperalgesia and tactile allodynia were tested using calibrated von Frey hairs with forces of 0.1-4 g applied to the hindpaw or pelvic region. Rats were tested in individual Plexiglas chambers with a stainless steel wire grid floor. Rats were acclimated to the chambers for a period of 2 h (61). The von Frey hairs were applied in an up-down method for 1-3 s with an interstimulus interval of 15 s. For pelvic region stimulation, stimulation was confined to the lower abdominal area overlying the urinary bladder. Testing of the plantar region of the hindpaw and lower abdominal area was performed by perpendicular application of von Frey hairs to the indicated areas until the hair bent slightly. The following behaviors were considered positive responses to pelvic region stimulation: sharp retraction of the abdomen, jumping, or immediate licking or scratching of the pelvic area (59) . A positive response to hindpaw stimulation was sharp withdrawal of the paw or licking of the tested hindpaw (67) . All somatic testing was performed in a blinded manner with respect to treatment. The groups were decoded after data analysis.
Intravesical Catheter Implant
On day 8, 24 h after presentation of the last stressor, a lower midline abdominal incision was made under general anesthesia with 2-3% isoflurane using aseptic techniques (16, 33, 40, 68) . One end of polyethylene tubing (PE-50; Clay Adams, Parsippany, NJ) was flared with a flame and inserted in the dome of the bladder and secured in place with a 6-0 nylon purse-string suture (16, 33, 40, 68) . The distal end of the tubing was tunneled subcutaneously to the back of the neck where it was buried in an incision in the back of the neck, out of the animal's reach (16, 33, 40, 68) . Rats received buprenorphine (0.05 mg/kg sc) starting at the time of surgery and then every 8 -12 h postoperatively for a total of four doses. Animals were maintained for 72 h after surgery before conscious cystometry was initiated to ensure complete recovery.
Open Voiding Cystometry in Conscious, Unrestrained Rats
The effects of RVS on bladder function were evaluated using conscious cystometry and continuous infusion of intravesical saline. During cystometry, unrestrained and conscious rats were placed in a recording cage over a scale and pan to collect and measure voided urine. To elicit repetitive bladder contractions, room temperature saline was infused at a constant rate (10 ml/h). After an initial stabilization period (25-30 min) , at least six reproducible micturition cycles were recorded. Intravesical pressure changes were recorded using a small Animal Cystometry System (Med Associates) (16, 39) . Baseline resting pressure, pressure threshold for voiding, maximal voiding pressure, and intercontraction interval were measured. The bladder pressure measurements are not corrected for pressure drop along the infusion catheter as we do not expect the pressure drop to be biased by treatment. Furthermore, the pressure drop is consistent across groups. Nonvoiding bladder contractions (NVCs), defined as rhythmic intravesical pressure increases 7 cmH 2O above baseline without the release of fluid from the urethra, and high-frequency oscillations (HFOs) present during voiding (phase 2) (65, 66) were also determined per voiding cycle. Bladder capacity was measured as the volume of saline infused in the bladder at the time when micturition commenced (6, 32) .
Exclusion Criteria
In the present study, no rats were excluded from the study or from analysis; all rats completed the protocol. Behavioral movements such as grooming, standing, walking, and defecation rendered bladder pressure recordings during these events unusable.
Statistical Analyses
All values represent means Ϯ SE. Data were compared with analysis of variance (ANOVA). Percentage data from weight data were arcsin transformed to meet the requirements of this statistical test. Maximal bladder pressures recorded from the highest HFO Fig. 1 . Changes in body weight of rats during 7 days of repeated variate stress (RVS). A: both control rats and rats exposed to 7 days of RVS exhibit body weight gain at a similar rate for the first 4 days of RVS. On days 5-7 of stressor exposure, rats exposed to 7 days of RVS exhibit significant weight gain attenuation compared with controls rats. Body weights were significantly (P Յ 0.01) decreased in the RVS group on days 5-7 of stress compared with control rats. B: percentage weight change from baseline body weight to body weight on day 7 of stressor exposure was significantly (P Յ 0.01) decreased in rats exposed to 7 days of RVS compared with control rats. Values are means Ϯ SE. Sample sizes are n of 14; *P Յ 0.01. during voiding (phase 2) were compared using an unpaired t-test. Animals, processed and analyzed on the same day, were tested as a block in the ANOVA. When F ratios exceeded the critical value (P Յ 0.05), the Newman-Keuls post hoc test was used to compare group means.
RESULTS
Organ and Body Weights in the Rat After RVS
No change in bladder weight (% of body weight) was observed in male rats exposed to RVS and control groups (5.9 ϫ 10 Ϫ2 Ϯ 8.3 ϫ 10 Ϫ3 vs. 5.7 ϫ 10 Ϫ2 Ϯ 9.8 ϫ 10
Ϫ3
, P ϭ 0.85). Similarly, no change in thymus weight (% of body weight) was observed between RVS and control groups (0.12 Ϯ 1.6 ϫ 10 Ϫ2 vs. 0.12 Ϯ 2.8 ϫ 10 Ϫ3 , P ϭ 0.94). Adrenal weight (% of body weight) increased significantly (1.
Ϫ3 , P Յ 0.02). As shown previously (56), increases in body weight were significantly (P Յ 0.01) attenuated during the RVS protocol (Fig. 1) . Animals in the RVS group gained significantly (P Յ 0.01) less weight compared with controls on days 5-7 of RVS (Fig. 1A) . Animals in the RVS group exhibited a significantly (P Յ 0.01) smaller weight change (expressed as a % on day 7 of RVS compared with baseline) throughout the 7-day RVS paradigm compared with control animals (Fig. 1B) .
Plasma Extravasation in the Rat Urinary Bladder After RVS and Acute (4 h) CYP Administration
After EB infusion into the femoral vein, a significantly (7.7-fold) increased concentration of EB in the urinary bladder was demonstrated in 4 h CYP-treated rats compared with controls (2.18 Ϯ 0.25 vs. 0.28 Ϯ 0.03, P Յ 0.0001), but no change was observed in the RVS group compared with controls (0.27 Ϯ 0.02 vs. 0.28 Ϯ 0.03, P ϭ 0.68).
Histamine, MPO, NGF, BDNF, and CXCL12 Protein Expression in Rat Urinary Bladder After RVS
After a 7-day RVS protocol, urinary bladder expression of histamine ( Fig. 2A) and MPO (Fig. 2B ) was significantly (P Յ 0.001) increased (2.4 -7.8-fold) compared with control rats.
NGF protein expression in the whole urinary bladder increased significantly (P Յ 0.001) following RVS (4.0-fold; Fig. 2C ) compared with controls as determined with ELISAs. No significant differences in BDNF protein expression, determined with ELISAs, were seen after RVS compared with control rats (data not shown). The chemokine, CXCL12, protein expression was significantly (P Յ 0.001) increased (4.0-fold) in rat urinary bladder after RVS (Fig. 2D ).
Hindpaw and Pelvic Somatic Sensitivity After RVS
Somatic sensitivity in the hindpaw, as determined with von Frey monofilaments, was significantly (P Յ 0.01) increased following RVS among the monofilament forces tested (0.1-4 g) compared with control rats (Fig. 3A) . Similarly, pelvic somatic sensitivity was also significantly (P Յ 0.01) increased after RVS at all monofilament forces evaluated (0.1-4 g) (Fig. 3B) .
Conscious Cystometry in Rats After RVS
To determine whether a 7-day RVS protocol in rats resulted in changes in urinary bladder function, we performed a series of urodynamic studies on rats subjected to RVS as well as control rats. Figure 4 , A and B, shows representative open voiding cystometrograms in conscious, unrestrained rats, in which voiding reflexes were measured in response to a continuous infusion of saline with an open outlet. In contrast to controls, in which normal micturition contractions were observed (Fig. 4A) , the rats subjected to RVS had increased voiding frequency (Fig. 4B ) with significantly reduced infused volumes (2.4-fold), void volumes (2.3-fold), and intercontraction intervals (2.4-fold) compared with control rats (P Յ 0.01, Table 2 ). The reductions in void volume, infused volume, and intercontraction interval were present in both male and female rats with a similar magnitude of change (Table 2) . No changes in baseline resting pressure, micturition threshold pressure, or maximal voiding pressure were observed between control and RVS male rats (Table 2) . NVCs were not observed in either control rats or in rats after a 7-day RVS protocol (data not shown). Residual volumes were not affected by RVS and were comparable (Ͻ10 l) in both control and RVS groups. From the RVS and control groups, micturition events were examined for the presence of HFOs during voiding (phase 2) (65, 66). There was no significant difference in the proportion of micturition events with HFOs between groups (Fig. 5) . There was no significant difference in HFO maximal bladder pressure between RVS and control groups ( Table 2) .
DISCUSSION
These studies demonstrate several findings with respect to stress-induced changes in micturition reflexes in rats, particularly regarding NGF protein expression, somatic sensitivity, and bladder function. In the present studies, we demonstrate that RVS 1) produces biological markers of stress (body and adrenal weights) similar to previous findings (30, 31, 36, 57) including a robust and reproducible reduction (10%) in body weight gain during RVS exposure; 2) increases NGF protein expression and other inflammatory markers (e.g., MPO, histamine, chemokines) in the urinary bladder; 3) increases somatic sensitivity in the hindpaw and pelvic regions; and 4) decreases bladder capacity, void volume, and intercontraction interval during conscious cystometry. Previous studies using this stress model have focused on its role in anxiety-like behavior demonstrating neurochemical plasticity [i.e., pituitary adenylate cyclase-activating polypeptide (PACAP) and its cognate receptor PAC1] in the bed nucleus of the stria terminalis (BNST), a critical structure in the brain in mediating fear-and anxiety-like behavior in humans and animals (30, 31) . Furthermore, excitotoxic lesions to the BNST have been shown to attenuate the effects of RVS on weight gain by the last day of stressor exposure (56) . The current studies extend the use of the RVS model to the study of micturition reflex function and demonstrate RVS-induced changes in urinary bladder function, somatic sensitivity, and in the inflammatory milieu of the urinary bladder.
Urothelial Barrier is Intact After RVS
The integrity of the urothelium after RVS, determined by EB plasma extravasation, was intact. Bladder function testing using conscious cystometry demonstrated increased voiding frequency following RVS. A disrupted barrier function of the urothelium could underlie increased voiding frequency via activation of the suburothelial nerve plexus (2, 5, 21) . Animal models of cystitis produce dramatic increases in EB levels in the urinary bladder, indicative of a leaky urothelial barrier (35, 60) . It is well known that EB dye extravasation can be considered an early marker of inflammation. In the present study, we did not observe an increase in EB levels 7 days following RVS as we demonstrated in bladders from rats following CYP injection (150 mg/kg). This suggests that the protective urothelial barrier remains intact following RVS, unlike in the CYP model, and that altered barrier function of the urothelium does not contribute to altered voiding function following RVS. In the clinical syndrome IC/BPS, a defect in the urothelial barrier has been suggested as either a causative or contributing factor to symptom onset and/or maintenance (52) . A number of other Fig. 3 . Somatic sensitivity testing of the hindpaw and pelvic regions with von Frey hairs in control (circles) rats and rats exposed to 7 days of RVS (triangles). The von Frey hairs were applied in an up-down method for 1-3 s with an interstimulus interval of 15 s. For pelvic region stimulation, stimulation was confined to the lower abdominal area overlying the urinary bladder. The following behaviors were considered positive responses to pelvic region stimulation: sharp retraction of the abdomen, jumping, or immediate licking or scratching of the pelvic area. A positive response to hindpaw stimulation was sharp withdrawal of the paw or licking of the tested hindpaw. Rats exposed to 7 days of RVS had a significantly (*P Յ 0.01) increased hindpaw response frequency (A) and pelvic response frequency (B) with all von Frey hairs (0.1-4 g) tested compared with control rats (no RVS). Hindpaw or pelvic sensitivity testing with calibrated von Frey hairs was determined in separate groups of rats. All somatic testing was performed in a blinded manner with respect to treatment. Values are means Ϯ SE. Sample sizes are n of 8; *P Յ 0.01. causative factors have also been suggested (e.g., altered sensory processing, mast cell involvement, neurogenic inflammation), but the underlying etiology of the disease syndrome is unknown (52) . Rats exposed to RVS exhibit increased voiding frequency in the absence of a defect in the urothelial barrier, suggesting that such a defect does not contribute to increased voiding frequency at least in the time frame of the RVS exposure (7 days).
Changes in the Inflammatory Milieu of the Urinary Bladder After RVS
Although differences in plasma extravasation at the level of the urinary bladder were not detected with RVS, increased NGF protein expression in the urinary bladder after 7 days of RVS was demonstrated. Neurotrophins, particularly NGF, are thought to play a role in bladder function (18, 20, 24, 25, 29, 34, 77) , and particularly in bladder diseases including IC/BPS (44, 50) , OAB (37, 42) and bladder outlet obstruction (43) . NGF exerts pleiotropic effects in the peripheral and central nervous system, regulating sensory and sympathetic neuronal development and maintenance (25, 48, 61) . NGF plays wellestablished roles in urinary bladder inflammation (61, 71) , most likely contributing to increased voiding frequency (18, 20, 24, 28, 33, 49, 77) . Administration of NGF intravesically (24) , intrathecally (76) , intramuscularly (77), or via adenovi- Fig. 4 . Representative cystometrogram recordings using continuous intravesical infusion of saline in conscious rats with an open outlet from a control (no RVS) rat and a rat exposed to 7 days of RVS. A: bladder function in a control rat that has not been exposed to 7 days of stress; B: bladder function in a rat that has been exposed to RVS with continuous intravesical infusion of saline. Bladder function recordings are from one control rat (A) and one rat exposed to RVS (B). Infused volume (ml, top), bladder pressure (kPa, middle), and void volume (ml, bottom) in a control (A) and RVS-treated (B) rat are shown. Mean bladder pressures and urodynamic parameters during conscious cystometry in male rats with or without RVS exposure. Values are means Ϯ SE; n ϭ 4/group. Threshold, micturition, baseline, and maximum high-frequency oscillation (HFO) pressures (kPa) during conscious cystometry for control and RVS-treated (7 days) rats are shown. Urodynamic parameters including intercontraction interval, infused volume, and void volume are also shown. ‫ء‬P Յ 0.01 compared with controls.
rus-mediated delivery to the urinary bladder (41) induces increased voiding frequency in the urinary bladder as well as afferent neuronal hyperexcitability in rodents. Additionally, sequestration of NGF or its receptor TrkA, as well as administration of Trk inhibitors, reduces urinary frequency in rodent models of urinary bladder inflammation (24, 33, 40) . Increased levels of NGF have also been detected in the urine and the urothelium of individuals with IC/BPS or other painful bladder conditions (44, 50) . The finding of increased NGF protein expression in urinary bladders from rats exposed to 7 days of RVS in the present study is consistent with previous research demonstrating NGF effects on bladder function. Given the established contribution of NGF to bladder function (18, 20, 24, 25, 29, 34, 77) , we hypothesized that increased voiding frequency after RVS would be associated with increased bladder NGF content. NGF is often associated with numerous inflammatory conditions and is being considered as a potential biomarker for inflammation in individuals with numerous urinary bladder disorders/dysfunction including IC/BPS, OAB, diabetic cystopathy, and bladder outlet obstruction (37, 43, 50) .
In contrast, BDNF bladder protein expression was not altered after RVS, although BDNF has also been implicated in increasing voiding frequency (49, 64, 71) . In this study, we also evaluated other markers of inflammation including chemokines (e.g., CXCL12), MPO (for PMN), and histamine (mast cells). Increased CXCL12 and histamine expression as well as MPO activity significantly increased in the urinary bladder after RVS. Collectively, these studies suggest that the inflammatory milieu of the urinary bladder may contribute to urinary bladder dysfunction following RVS.
Increased Somatic Sensitivity After RVS
We have also demonstrated in the present study that somatic sensitivity in the hindpaw and pelvic region is increased following RVS similar to CYP-induced cystitis in rodents. In addition to the role of NGF in bladder function, it has also been identified as a key molecule in the signaling of pain during inflammation (1, 17, 23, 24, 26, 61) . Visceral inflammation is often accompanied by an increase in sensitivity of somatic structures to noxious stimuli, commonly called referred hyperalgesia (9, 75) . Since the direct measurement of visceral pain is difficult, referred hyperalgesia is often used as a method to exemplify visceral pain. Increased sensitivity to pain and somatic stimuli is frequently observed in patients with cystitis (28) . For example, patients with IC/BPS report increased sensitivity to application of pressure to deep (muscular) tissues (8, 69) . Similarly, increases in peripheral sensitivity to mechanical stimuli using von Frey filament application to the hindpaw are seen following CYP-induced cystitis in rodents (73) . Therefore, increases in hindpaw and pelvic referred somatic sensitivity in the present study are similar to results seen in animal models of IC/BPS (45, 61, 67) .
NGF produced in the bladder has been suggested to modulate peripheral mechanical nociception in the presence of cystitis (29) , and studies involving NGF have implicated its importance in the development of visceral hyperalgesia and inflammatory pain (41, 51, 53, 78) . Intravesical administration of NGF decreases the threshold of the hindpaw to mechanical stimulation similar to CYP (28) . Furthermore, immunoneutralization of NGF by administration of NGF antiserum, as well as administration of k252a, a Trk receptor antagonist, block the development of visceral hyperalgesia (28, 41) . NGF protein levels are increased in the urinary bladder following 7 days of RVS, consistent with a role for NGF in increased somatic sensitivity of the hindpaw and pelvic regions seen in our model. However, other inflammatory mediators may also contribute to the observed changes in bladder function and somatic sensitivity. Therefore, it is not known whether NGF is sufficient to induce peripheral sensitization (41) in the RVS model. Further studies should address other potential modulators of increased voiding frequency following RVS, including cytokines/chemokines (2), neuropeptides (e.g., PACAP) (13, 27, 70) , and transient receptor potential (TRP) channels whose expression can be regulated by growth factor expression (19) .
RVS Induces Changes in Urinary Bladder Function
The present study demonstrates that 7 days of RVS decreases bladder capacity, void volume, and intercontraction interval. Minimal residual volumes together with no changes in the presence or amplitude of high-frequency oscillations during Fig. 5 . Representative intravesical pressure traces of high-frequency oscillations (HFOs) during voiding from a control (A) and RVS-exposed (B) rat. HFOs can be clearly seen in phase 2 of micturition during voiding. HFOs, indicative of efficient voiding in the rat, are present in similar proportions of micturition events in both control (A) rats and rats that have been exposed to 7 days of RVS (B). kPa, kilopascals; s, seconds.
voiding in rats exposed to RVS suggest that voiding efficiency was not altered. However, urethral tone and the activity of the external urethral sphincter were not examined in these studies given our use of conscious rats. Thus future studies should be pursued in anesthetized rats where potential effects of the outlet including the urethra and EUS can be evaluated after RVS. RVS-induced increases in voiding frequency are similar to other reports regarding several other animal models of stress including social defeat (4, 15, 46, 74) , nontraumatic immobilization/restraint (11, 74) , and WAS (14, 54, 62) . We suggest that the 7-day RVS model has several advantages compared with other stress models. The RVS paradigm is unique in that various stressors are presented throughout the 7-day protocol, which may be more relevant to daily life stressors experienced by humans. Other advantages of the RVS paradigm include: 1) novel stressor exposure on a daily basis with lack of habituation; and 2) reproducible and robust responses with rats exposed to RVS exhibiting a 10% decrease in weight gain over the course of the stress exposure. It is clear that various stress protocols including RVS can affect autonomic function including changes in urinary bladder function and that specific changes in bladder function are dependent on the stress paradigm used, suggesting context-dependent effects.
Perspectives and Significance
Many disorders of the urinary bladder, including IC/BPS and OAB, exhibit symptom (i.e., urinary frequency) exacerbation with stress. These studies characterize the effects of RVS on the inflammatory milieu of the urinary bladder as well as on bladder function with the long-term goal of identifying potential targets for therapeutic intervention. RVS produces altered function of the urinary bladder characterized by increased urinary frequency with reduced bladder capacity and void volume. Increased expression of histamine, MPO, NGF, and CXCL12 in the urinary bladder and increased somatic sensitivity of the hindpaw and pelvic regions were also detected following RVS, suggesting an inflammatory component to bladder function changes. Future studies will explore underlying mechanisms of RVS-induced changes in urinary bladder structure and function by determining the contributions of inflammatory mediators (e.g., NGF), neurochemicals (e.g., PACAP) (13, 27, 70) and ion channels (e.g., transient receptor potential channels) (19) modulated by growth factors to RVS-induced changes in urinary bladder function and somatic sensitivity.
